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Abstract. In this paper, we report on the fabrication and the low-temperature
characterization of extremely high-ohmic microstrip resistors made of a thin film of
weakly oxidized titanium. Nearly linear voltage-current characteristics were measured
at temperatures down to T ∼ 20 mK for films with sheet resistivity up to as high as
∼ 7 kΩ, i.e. about an order of magnitude higher than our previous findings for weakly
oxidized Cr. Our analysis indicates that such an improvement can help to create
an advantageous high-impedance environment for different Coulomb blockade devices.
Further properties of the Ti film addressed in this work show a promise of low-noise
behavior of the resistors when applied in different realizations of the quantum standard
of current.
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1. Introduction
Experimental observation and electronic applications of quantum tunneling phenomena,
in many cases, put forward the requirement of efficient decoupling of the tunneling
system from the environmental degrees of freedom responsible for dissipation [1, 2].
This implies, for the practical devices, that low noise operation should be possible for
the tunneling systems embedded into the DC biasing circuitry with an effective output
impedance Re [Z(ω)] RQ ≡ h/4e2 ≈ 6.45 kΩ far exceeding the resistance quantum RQ
up to the frequency and energy ranges relevant for the particular transport mechanisms
[3, 4, 5].
For a mesoscopic tunneling system, one of the possibilities of constructing a high-
ohmic bias is to co-fabricate it on-chip with an adjoining microstrip of a high-resistivity
thin-film material. For example, successful realizations of quantized charge transport
have been demonstrated in ultrasmall tunnel junctions, see, e.g., Refs. [6, 7, 8, 9, 10],
and superconducting nanowires (as quantum phase slip junctions) [11] with the help
of a few micrometer-long weakly oxidized Cr resistors of a typical cross-section S ∼
10 × 100 nm2 (thickness × linewidth) with the resistances per unit length up to
r ∼ 5 − 10 kΩ/µm. A detailed analysis, see, e.g., Ref. [12], and the experimental data
obtained so far [8, 9, 11] indicate, however, a significant shunting effect due to the stray
capacitances of the microstrip, typically c ≈ 60 aF/µm [12], so that for the frequencies
exceeding the roll-off value
ω0 =
r
2cR20
, (1)
the on-chip resistor of a certain length l and a designated impedance Z(0) = R0 = rl
must be considered as a distributed RC line rather than as a simple lumped element
(see, e.g., Ref. [2]). In the high-frequency limit, the impedance of the line decays
approximately as a square root of frequency
ReZ(ω) ≈
√
r
2ωc
, (2)
descending below the resistance quantum RQ, i.e., beyond the high-impedance case, for
the frequencies above ωc = ω0 × (R0/RQ)2.
Given the due value of R0  RQ and the value of c fixed by the microstripline
design, equation 1 demonstrates an important role of the unit length resistance r for
developing high-ohmic environments effective in a wide frequency range. Unfortunately,
fabricating thinner or stronger oxidized Cr resistors often results in irreproducible
granular films exhibiting a pronounced Coulomb blockade of a net current at low
temperatures [13]. In the present work, we report on resistivity behavior of films
of titanium evaporated in the presence of oxygen at low pressure. The choice of Ti
is inspired by its relatively high resistivity value, about 40µΩ× cm [14], while its
affinity to oxygen can be utilized for avoiding the superconductivity of Ti below the
transition temperature Tc = 0.4 K, as well as for achieving even higher film resistivity.
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Figure 1. SEM image of the 10 nm thick titanium resistor contacted by two 40 nm
thick leads of AuPd. The structure consists of two metallic replicas (Ti and AuPd)
evaporated onto a tilted substrate at two different angles through the same hanging
mask. The gate electrode was not used in the present experiment. See the text for
more details.
At low temperature, we demonstrate a linear current-to-voltage dependence for the
Ti resistors with r ≤ 70 kΩ/µm being about an order of magnitude higher than the
corresponding values for the Cr films, which makes Titanium an attractive material
choice for resistively-biased Coulomb blockade devices based on both tunnel- and
quantum phase slip junctions.
2. Experiment and Discussion
The experimental structures, see Fig. 1, were fabricated using electron-beam lithography
and the shadow-evaporation technique [15] which is often implemented for structuring
ultrasmall tunnel junctions of Al (see a detailed description of our fabrication routine
in Ref. [16]). In this technique, a 10 nm thin Ti film was first evaporated from the
standard e-gun source at a slanted incidence of material onto the substrate, followed by
a normal-angle evaporation of a thicker film of AuPd to form well-conducting current
leads. Because of the well-pronounced gettering property of Ti films, the important
parameters of our process were the base chamber pressure, p < 5× 10−9 mbar, and the
evaporation rate of Ti 0.2 nm/s. In order to increase film resistivity, the deposition of Ti
was performed reactively with a small amount of oxygen gas added to the evaporation
chamber at a low pressure PO2 ≤ 5 × 10−6 mbar. The samples were tested electrically
at room temperature on the day of the evaporation, demonstrating a clear monotonous
dependence of the resistance r on the oxygen pressure, as shown in Fig. 2. We selectively
tested a few samples after a month or two of shelf life to find an up to ∼ 50% increase
in film resistivity due to the prolonged air contact.
The resistors were characterized in the dilution fridge down to the operating
temperatures of the Coulomb blockade devices below 100 mK. Due to the oxygen
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Figure 2. The resistance of Ti film as a function of oxygen pressure during
evaporation. Brown diamonds and error bars, respectively, represent a sample average
and a standard deviation over several different microstrips measured on the day of
evaporation. For comparison, we also show the same data obtained after prolonged
exposure of the samples to air, at room (RT, red squares and green stars) and at low
(LT) temperatures (blue empty circles).
content in the Ti film, a negative temperature profile of resistance was observed with
the values increasing by the factor 1.5—2 down to a few degrees Kelvin, see Fig. 2.
This temperature behavior is consistent with the findings of other groups reported for
high-ohmic Ti films, see, e.g., Refs. [17, 18], indicating a strong impurity scattering limit
of conductivity electrons in the film. The I − Vb curves were found to be almost linear
for all tested resistors, with a weak nonlinearity around the origin, appearing at the
lowest temperatures as a zero-bias conductance dip G(Vb, T ) in Fig. 3(a). Remarkably,
the height of the dip, increasing towards lower temperatures, was found to come to
saturation at the substrate temperature T ≈ 35 mK very close to the base temperature
of the fridge. This indicates very efficient thermalization of the conduction electrons on
the phonons of the crystal lattice and gives rise to a promise of a very low level (∝ T )
of thermal noise in the mK-temperature range, which is quite favorable for applications
in the quantum current standard [3, 5, 7].
For a more detailed understanding of the current transport mechanism, we first
address a straightforward hypothesis of a purely thermal origin of the conductance dip,
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Figure 3. Zero-bias conductance dip as a function of temperature: (a) measured
experimentally and (b) calculated with the parameter values K and Σ shown in the
plot. We note that neither the value of Σ nor that of K was found to significantly
influence the results of calculation. A somewhat higher estimated value of Σ for high-
resistivity Ti is found to be plausible, if compared with those for pure materials (cf.,
e.g., Refs. [19, 20]).
G(Vb, T ) = G[Te(Vb, T ), Tph(Vb, T )]. We take into account the Joule heating effect of
current through the Ti resistor and calculate the electron temperature Te according to
the one-fifth power law [19, 20]:
Te =
[
T 5ph +
P
ΣΩ
]1/5
, (3)
where P is the heat flow from the electron gas to the lattice phonons in the Ti microstrip,
Σ is the electron-phonon coupling constant, Ω = 0.01 × 0.1 × 4µm3 the volume of the
resistor, and Tph = T + KP/A the phonon (lattice) temperature of the resistor. Here,
A = 0.1 × 4µm2 is the contact area between the microstrip and the substrate. We
expect Tph ≈ T to be close to the substrate temperature due to a typically small value
of thermal boundary resistance K, namely, K × T 3 < 0.001 K4W−1m2 [21].
An important simplification of our model was made due to the high resistivity of
the Ti film giving rise to a strong scattering approximation for conduction electrons
on the crystal lattice. In particular, we assumed a fully local heat dissipation by
the electron-phonon interaction mechanism and neglected small energy losses across
the boundary Ti/AuPd, so that P ≈ IVb. Correspondingly, the temperature profile
along the microstrip is regarded as being flat except for the sharp temperature drops
at both ends of the Ti wire. Further on, at Vb = 0 we assumed Te = Tph = T and
used the experimental zero-bias conductance values to establish an empirical calibration
relation G(Te = T ) = G(0, T ). From now on, we adopt G, being independent of Tph:
the approximation is justified in part by an independence of G on T in Fig. 3(a) for
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|Vb| > 100µV, where Te ≈
[
P
ΣΩ
]1/5
is common for all curves, but the values of Tph ≈ T
vary. Finally, the conductance dips G(Vb, T ) were calculated to be shown in Fig. 3(b),
using the calibration curve G(Te) and the values Te = Te(Vb, T ) obtained from Eq. 3.
The assumption Te = Tph = T used for the calibration curve G(Te) ignores possible
additional heating of the sample by the external noise (voltage fluctuations coming
through the leads to the Ti microstrip) and supposedly results in the sharper and less
noisy dips calculated for the lowest values of T in Fig. 3(b). On the other hand, our
even simplified model demonstrates a reasonable agreement with the experiment. In
this way, it provides a distinct argument for the purely thermal origin of the dip,
making less probable a presence of unwanted granular Coulomb blockade effects (cf.,
e.g., the case of partially oxidized Cr films [13] or the anodized Ti films in Ref. [22])
and related shot-noise effects. An indirect support of this conclusion also appears in the
form of a very low noise level measured in the resistor in the frequency range around
f = 10 Hz, typical for the background charge fluctuations phenomena in the single-
electron tunneling devices [23]. The noise was found unresolvable against the intrinsic
noise level δI ∼ 10−13 A/√Hz of the current preamplifier.
Due to the higher attainable values of r in the Ti, as compared to Cr, and according
to Eq. 1, a roll-off frequency higher by one order of magnitude is now expected for the
high-ohmic environmental impedance available for applications. For example, for the
hybrid single-electron turnstile [4] with typically R0 ∼ 100 kΩ [24], the roll-off frequency
is ω0 ∼ 1011 s−1 and the high-impedance behavior extends up to ωc ∼ 1012 s−1 [25],
indicating a remarkably wide energy range, up to ~ω ∼ 1 meV, where the quantum
system is decoupled from the environment, thus making the suppression of Cooper-pair-
electron (CPE) cotunneling leakage [4] potentially more efficient. For applications with
the Bloch oscillations devices [6, 9] and quantum phase slip junctions [11], a narrowing
by an order of magnitude for the linewidth of oscillations, Γ ∝ Te/R0 [3] and, therefore,
substantial improvement of the shape of Shapiro-like current steps at I = 2ef (under
microwave irradiation of frequency f , in the limit Γ/f → 0) are expected [26].
In conclusion, we report on exceedingly high-ohmic microstripline resistors made
of titanium films evaporated reactively in the presence of oxygen. This new material
exhibited a sheet resistance of up to 7 kΩ which is an order of magnitude higher than that
of formerly used Cr films and is expected to be free of intrinsic Coulomb blockade effects
related to film granularity even at the lowest temperatures of the experiment. Due to
the latter fact, a further increase in resistivity seems to be possible without immediate
loss of linearity. The obtained parameters, in particular, a considerable improvement
in the roll-off frequency, are promising for the application of Ti resistors in different
realizations of quantum standards of current.
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